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FOREWORD 


This  report  was  prepared  jointly  by  Dr.  Ellis  D.  Verink,  Jr.,  of  University 
of  Florida,  and  Dr.  K.  B.  Das,  of  the  Boeing  Company  under  AFML  Contract  IF33615* 
75-C-5200-1  entitled  "Research  on  Inhibitors  for  Corrosion  Fatigue  of  High 
Strength  Alloys."  Project  Scientist  monitoring  this  program  was  Dr.  C.  T.  Lynch 
of  AFML/LLN . 

This  report  covers  work  performed  during  the  period  from  15  May  1975  to 
1 October  1978  and  was  submitted  by  the  authors  1 October  1978. 

This  program  was  conducted  jointly  by  the  Department  of  Materials  Science 
and  Engineering  of  the  University  of  Florida,  Gainesville,  Florida  under  the 
supervision  of  Dr.  Ellis  D.  Verink,  Jr.,  and  the  Boeing  Aircraft  Company  under 
the  supervision  of  Dr.  K.  B.  Das.  Electrochemical  studies,  inhibitor  screening 
tests  and  certain  fracture  toughness  tests  were  performed  at  University  of 
Florida.  Initial  characterization  of  the  starting  materials  plus  fracture 
toughness  experiments  and  the  hydrogen  analyses  of  fracture  surfaces  were 
performed  by  the  Research  and  Engineering  Division  of  the  Boeing  Aerospace 
Company,  Seattle,  Washington.  The  project  provided  at  least  partial  support 
for  several  graduate  students  at  the  University  of  Florida. 
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SECTION  1 


INTRODUCTION 


Earlier  work  at  the  University  of  Florida  under  Air  Force  Contract  F33615- 
73-C-5007  aa  well  as  work  at  the  Air  Force  Materials  Laboratories  showed  that 
oxidising  inhibitors  are  capable  of  retarding  crack  growth  in  certain  high 
strength  alloy  steels  subjected  to  aqueous  solution.  Particular  reference  is 
made  to  the  work  of  Parrish,  * and  Johnson  who  studied  the  influence  of  inhibitors 
on  "crevice  corrosion"  behavior  of  D6AC  alloy  in  saline  solutions.  Johnson 
observed  the  phenomenon  of  a "crevice  protection  potential."  At  electrode 
potentials  more  noble  than  this  potential,  acidification  and  intensification  of 
corrosion  occurred  within  crevices.  At  potentials  more  active  than  the  crevice 
protection  potential,  corrosion  within  crevices  ceased  and  the  crevice  pH  became 
more  alkaline.  These  observations  are  important  since  acidification  within  a 

3 ^ 

crevice  can  lead  to  entry  of  hydrogen  into  steel.  As  also  reported  by  others,  * 
the  electrode  potentials  within  an  active  pit,  crevice  or  propagating  crack,"* 
can  be  below  (more  active  than)  the  equilibrium  hydrogen  solution  potential 
(because  of  local  acidification)  despite  the  fact  that  the  bulk  pH  may  be  much 
more  alkaline.  Another  key  observation  was  that  oxidizing  inhibitors  may  be 
used  to  control  the  electrochemical  processes  within  occluded  cells  and  thus  to 
prevent  crevice  corrosion.  Parrish*  extended  this  work  to  show  a cor:  elation 
between  the  effectiveness  of  oxidizing  inhibitors  in  preventing  crevice  corrosion 
with  the  amount  and  distribution  of  hydrogen  in  D6AC  steel  fracture  toughness 
specimens.  He  illustrated  the  effect  by  using  chromate  solutions  and  hydrazine 
solutions  to  illustrate  the  possibility  of  increasing  K^gcc  «nd  reducing  crack 
velocity  by  use  of  oxidizing  inhibitors.  The  present  study  extends  the  work  of 
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Parrish,  Johnson  and  others  to  a range  of  alloys  of  interest  to  the  Air  Force. 
Over  two  hundred  inhibitor  compounds  and  formulations  were  surveyed  with  regard 
to  their  effect  on  the  electrochemical  behavior,  fracture  toughness  behavior, 
and  influence  on  hydrogen  content  of  alloys  4340,  300M,  17-4  PH  and  HP  9-4-30. 
At  a later  stage  of  the  investigation,  alloy  HY180  was  supplied  for  partial 
examination  and  some  data  are  also  submitted  on  this  material.  While  a number 
of  quite  specific  conclusions  were  made  possible  as  a result  of  this  research, 
there  are  a number  of  avenues  of  future  research  which  should  prove  productive. 
These  are  ennumerated  at  the  end  of  the  report. 
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SECTION  2 


GENERAL  BACKGROUND  AND  OBJECTIVE  OF  THE  PROGRAM 

High  strength  steels  such  as  D6AC,  4340,  300M,  etc.,  have  shown  a decided 

£ Q 

tendency  to  tail  under  stress  by  hydrogen  embrittlement.  ~ The  development 

of  a practical  method  of  preventing  hydrogen  entry  into  these  steels  would  be 

of  immense  engineering  value.  These  alloys  could  then  presumably  be  used  either 

at  higher  strength  levels  or  with  assurance  at  present  strength  levels.  Parrish 

showed  that  hydrazine  was  able  to  reduce  crack  growth  rate  by  about  an  order  of 

magnitude  even  in  0.1  M sodium  chloride  solution.  Furthermore,  2Z  by  weight  of 

hydrazine  added  to  the  electrolyre  increased  Kjscc  from  12  to  25  ksi  /inches. 

Such  an  increase  in  KIscc  Is  important  since  the  critical  flaw  size  varies  as 
o 

(Kiscc)  and  an  increase  in  critical  flaw  size  makes  more  likely  the  nondestruc- 
tive detection  of  critical  size  flaws. 

In  the  hydrazine  inhibition  mechanism,  N02  is  formed.  This  in  turn  controls 
the  crack  tip  electrode  potential  and  pH  so  that  hydrogen  evolution  in  the  crack 
is  prevented  and  a passive  film  is  formed.  The  ultrasensitive  hydrogen 

detector  of  Das^  was  used  to  determine  the  hydrogen  concentration  on  (and  near) 
the  fracture  surface.  The  results  confirmed  that  the  inhibitor  prevented 
hydrogen  entry  at  the  crack  tip.  Unfortunately,  hydrazine  is  an  inconvenient 
material  for  general  usage,  however,  the  results  suggested  that  the  direct  use 
of  nitrite-containing-compounds  instead  of  hydrazine  may  be  appropriate.  Preli- 
minary experiments  with  sodium  nitrite  indicated  that  it  was  at  least  as 
effective  as  hydrazine  in  lowering  the  crack  growth  rates  for  D6AC  steel. 

Aircraft  parts  made  of  high  strength  steels  normally  receive  a mechanical 
treatment  such  as  shot-peening  to  leave  the  surface  in  a net  compressive  state 
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of  stress.  Steel  parts  are  then  cadmium  plated,  given  an  epoxy  primer  and  a 

polyurethane  topcoat.  When  inhibitors  are  incorporated,  this  is  normally  done 

in  a primer  coat.  One  of  the  most  important  considerations  in  the  selection 

of  an  inhibitor  is  compatibility  with  the  epoxy  (or  other  primer)  in  combination 

with  an  ability  to  inhibit  or  prevent  corrosion  (either  general  corrosion  or 

localized  types  of  corrosion  such  as  stress  corrosion  cracking,  pitting,  etc.). 

Zinc  chromate  formulations  have  been  most  widely  used.  Water  soluble  inhibitors 

(such  as  chromates)  provide  mobility  in  the  inhibitor  function.  Unfortunately, 

chromates  are  toxic  so  care  must  be  exercised  -in  their  use.  In  addition,  as 
1 2 

shown  by  Parrish,  ’ in  the  presence  of  chlorides,  chromates  are  not  effective 

in  preventing  hydrogen  embrittlement  of  D6AC. 

Commerical  inhibitor  formulations  such  as  those  used  for  cooling  tower 

circuits,  automotive  radiators,  and  so  forth,  normally  are  combinations  of 

several  classes  of  inhibitor  compounds  some  of  which  function  as  anodic 

inhibitors,  others  as  cathodic  inhibitors.  Commerical  experience  has  shown 

that  such  combinations  often  are  more  effective  than  inhibitors  used  separately. 

In  short,  there  seems  to  be  evidence  for  "synergism." ^ Accordingly,  tests 

were  conducted1^  using  a borax-nitrite-polyphosphate  commercial  formulation 

(Calgon)  in  combination  with  chromate  systems.  Results  from  crack  growth 

measurements  on  D6AC  in  distilled  water  containing  the  multifunctional  inhibitor 

showed  that  the  crack  growth  rate  was  reduced  by  1/2  an  order  of  magnitude  and 

that  Kt  was  increased  from  77  to  82  ksi  /inches  as  compared  to  inhibited 
Iscc 

formulations  containing  only  chromates.  This  promising  result  from  multifunctional 
Inhibitors  was  observed  both  in  static  tests  and  in  cyclic  corrosion  fatigue 
tests.  This  observation  has  led  to  the  field  testing  of  multifunctional  inhibitors 
in  wash  racks  for  aircraft  by  the  Air  Force. 
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SECTION  3 


EXPERIMENTAL 

A research  program  was  undertaken  to  try  to  find  if  there  were  an  inhibitor 
(or  perhaps  a small  group  of  inhibitors)  which  would  function  favorably  for  all 
of  the  above  mentioned  alloys. 

The  research  was  divided  into  several  functional  phases.  Phase  I included 
the  chemical  and  electrochemical-mechanical  characterization  of  the  candidate 
alloys.  Characterization  also  included  the  establishment  of  "base-line"  values 
for  initial  hydrogen  content.  Concurrently  with  the  conduct  of  Phase  I, 
specimens  for  fracture  toughness  experiments  for  use  in  Phase  III  were  machined, 
precracked  and  stored. 

Phase  II  consisted  of  selecting  promising  inhibitor  candidates  from  the 
generic  types  shown  in  Table  1 and  screening  the  list  down  to  a few  for  detailed 
testing.  Over  two  hundred  candidate  materials  were  considered. 

Phase  III  took  the  output  of  Phases  I and  II  and  applied  the  results  to 

compact  tension  fracture  toughness  specimens.  The  influence  of  the  selected 

inhibitor  was  assessed  in  terms  of  its  influence  on  K_  > crack  growth  rate 

Iscc 

and  (final)  hydrogen  content  at  and  near  the  fracture  surface. 

It  was  quickly  evident  as  the  screening  process  was  undertaken  that  there 
would  be  considerable  advantage  to  having  better,  more  scientifically  based 
methods  of  screening  inhibitors.  As  a consequence,  a subordinate  effort  was 
carried  on  concurrently  with  this  program  in  an  effort  to  determine  whether 
other  methods  might  hold  promise  for  future  research. 
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TABLE  1 


CATHODIC 


ANODIC 


COMBINATIONS 


FILM  FORMERS 


INHIBITORS  - COMPOUNDS 

Polyphosphate  Zinc  Silicate 

I 

# 

I 

Orthophosphate  Chronate  Ferrocyanide  Nitrite  I 

1 

{ 

f 

Polyphosphate-Chromate  f 

i 

Polyphosphate-Ferrocyanide 

Borax-Nitrite 

Fluoride-Chromate 

Benzoate-Nitrite 

Silicate-Chromate 

Emulsified  or  Soluble  Oils 
Oct  adecy 1 amine 
Long  Chain  Amines 
Alcohols  and  Carboxylic  Acids 


{ 


7 
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TABLE  2 


CHEMICAL  COMPOSITION 


Alloy 

C 

Mn 

P 

S 

17-4  PH 

0.036 

0.49 

0.022 

0.016 

HP  9-4-30* 

0.310 

0.29 

0.001 

0.007 

4340 

0.42 

0.72 

0.010 

0.012 

SI  Cr  N1  Cu  Mo  Co 

0.63  15.69  4.32  3.50 

0.06  1.10  7.88  0.28  1.08  4.50 

0.32  0.77  1.84  0.13  0.22 


HY180  0.14  0.14 


0.09  2.0  10.0  ~ 1.2  14.4 


*HP  9-4-30  — Consumable  Electrode  Vacuum  Melted 


TABLE  3 


MECHANICAL  PROPERTIES  OF  COMPACT  TENSION  SPECIMENS 


Alloy 

Yield  Strength 

- (P8*) 

Ultimate  Tensile 
Strength 
<psi) 

Perceht 

Elongation 

Hardness 

17-4  PH 

185,000 

200,000 

5 

R 4 
c 

HP  9-4-30 

207,800 

246,000 

15 

R 4 
c 

4340 

210,000 

256,100 

1 

R 56 

R 49 
c 


HY180 


229,000 


250,000 


15.5 


TABLE  4:  HYDROGEN  ANALYSIS 


SECTION  3.1 


PHASE  I - CHARACTERIZATION  OF  TEST  MATERIALS 

The  chemical  compositions  of  the  alloys  used  in  the  experimental  program 
are  given  in  Table  2.  Mechanical  properties  of  these  alloys  are  given  in  Table 
3.  The  details  of  heat  treatment  are  given  in  Appendix  1.  The  initial  hydrogen 
contents  of  the  materials  are  given  in  Table  4.  A description  of  the  ultra- 
sensitive hydrogen  detector  of  Das  is  included  in  Appendix  2.  The  characteri- 
zation process  involved  electrochemical  potentiokinetic  characterization  in 
the  form  of  polarization  curves  and  potential  versus  pH  diagrams  for  each  of 
the  alloys  in  0.1  N chloride  solutions  at  room  temperature.  As  indicated  above, 
each  of  the  alloys  was  characterized  as  to  initial  (base-line)  hydrogen  content. 

At  the  completion  of  fracture  toughness  experiments,  the  samples  were  re-analyzed 
for  hydrogen  content  at  (or  near)  the  fracture  surface.  Reaction  product  films 
were  analyzed  by  x-ray  analysis  and/or  Auger  electron  spectroscopy  as  appropriate. 
Potential  pH  diagrams  (Pourbaix  diagrams)  were  calculated  for  each  of  the 
constituents  of  each  of  the  alloys  and  are  included  in  Appendix  3.  Superposition 
of  the  Pourbaix  diagram  of  elements  which  serve  as  constituents  of  individual 
alloys  often  can  provide  i oeful  insights  into  the  interpretation  of  corrosion 
behavior.  Experimental  potential  pH  diagrams  also  were  developed  for  each  of  the 

alloys  and  are  included  in  Appendix  3.  The  apparatus  and  procedure  for  the 

12 

development  of  such  diagrams  is  reported  elsewhere.  Studies  of  occluded 

cell  behavior  of  these  alloys  were  made  using  a test  cell  similar  to  that 

13 

developed  by  Efird.  As  indicated  by  Eflrd,  acidification  is  expected  in 
crevices  where  the  bulk  pH  is  above  the  "crevice  protection  potential."  In  these 
cases  where  the  final  electrode  potential  and  pH  within  the  occluded  cell  falls 
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below  the  equilibrium  hydrogen  line,  hydrogen  charging  is  expected.  Crevice 
experiments  with  each  of  the  alloys  (4340,  300M,  HY180,  17-4  PH  and  HP  9-4-30) 
showed  acidification  within  crevices. 

SECTION  3.2 

PHASE  II  - SELECTION  OF  INHIBITOR  CANDIDATES' 

3.2.1.  Crevice  Tests  - The  screening  of  inhibitors  of  the  types  listed 

in  Table  1 proved  to  be  a complex  process  and  the  strategy  for  accomplishing 

the  screening  process  required  some  revision  as  the  research  progressed.  The 

first  step  of  the  screening  process  involved  the  question  of  toxicity.  If  an 

14 

inhibitor  species  was  obviously  toxic  based  on  literature  information  it 
was  eliminated  from  further  consideration  for  this  reason.  Chromates,  aniline 
and  arsenic  additions  are  examples  of  inhibitors  which  were  eliminated  on  this 
basis.  On  the  other  hand,  it  was  necessary  to  exercise  some  restraint  since 
to  eliminate  all  materials  which  might  conceival  .y  be  toxic  under  some  special 
circumstances  could  eliminate  almost  everything.  Since  specific  guidelines  on 
toxicity  were  not  available,  qualitative  judgments  were  used  in  the  assessment 
of  relative  toxicity.  Figure  1 shows  a montage  of  types  of  specimen  configurations 
used  in  various  portions  of  the  research  program.  The  first  series  of  tests 
Involved  the  formation  of  an  artificial  crevice  made  up  of  two  metal  pieces 
joined  mechanically  with  the  use  of  a plastic  screw  and  nut,  Figure  2.  These 
assemblies  were  exposed  in  plastic  bottles  in  acidic,  neutral  and  alkaline 
solutions  with  chlorides  present,  Figure  3.  Parallel  samples  of  each  test 
alloy  were  exposed  in  each  electrolyte  with  and  without  inhibitor  additions. 

The  inhibitor  concentration  followed  the  manufacturer's  recommendation  (if 
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Figure  1.  Configurations  of  test  specimens  employed  in  screening 
and  testing  of  effectiveness  of  inhibitor  candidates. 
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Figure  2.  Artificial  crevice  samples  made  of  two  sheet  samples 
joined  with  a plastic  bolt  and  nut.  These  samples 
were  exposed  in  plastic  bottles  containing  inhibited 
chloride  solutions.  Figure  3. 


Figure  3.  Specimens  (see  Figure  2)  were  exposed  to  uninhibited 

and  inhibited  chloride  solutions  as  part  of  the  screening 
process.  Candidate  inhibitors  which  caused  crevice 
corrosion  were  eliminated  at  this  stage. 


there  was  one),  or  was  selected  from  information  in  the  corrosion  literature. 

A third  level  also  was  employed,  this  being  one  tenth  the  recom&ended  concen- 
tration level.  Evaluation  of  these  samples  was  by  visual  examination  to  see 
whether  or  not  crevice  corrosion  occurred.  Inhibitor  formulations  which 
stimulated  crevice  corrosion  were  dropped  without  further  tests.  It  was  observed 
that  the  inhibitor  effect  varied  with  pH  in  a number  of  cases.  For  example, 

4340  alloy  in  acidic  solutions  containing  0.1  N sodium  silicate  suffered 
crevice  corrosion  and  pitting  in  7 days  whereas  in  Alkaline  solutions  of  pH 
12.9  this  level  of  inhibitor  appeared  to  be  completely  protective  after  24 
days.  In  neutral  solution,  the  changes  were  primarily  in  visual  appearance 
(local  darkening,  etc.).  Specimens  of  HP  9-4-30  in  neutral  and  alkaline 
solutions  containing  0.1  N sodium  nitrite  were  free  of  pitting  and  crevice 
corrosion.  Several  samples  were  selected  for  Auger  spectrographic  analysis  of 
surface  films.  It  soon  bacame  obvious  that  time  would  not  permit  an  initial 
screening  of  each  of  the  nearly  200  Inhibitor  formulations  using  bolted 
crevice  assemblies,  so  a revised  procedure  for  initial  screening  was  devised 
to  improve  productivity.  This  led  to  the  development  of  the  so-called  dip  test. 

3.2.2.  Dip  Test  - One  of  the  goals  of  this  research  was  to  select  inhibitors 
would  reduce  the  danger  of  hydrogen  embrittlement  of  the  test  alloys.  As 
indicated  above,  in  crevices  and  other  occluded  cells,  hydrogen  charging  of  the 
specimens  attended  the  acidification  which  occurs.  Therefore,  in  order  to  combat 
the  tendency  for  hydrogen  charging  (and  hence  avoid  hydrogen  embrittlement) , it 
was  postulated  that  a potentially  useful  inhibitor  should  cause  the  electrode 
potential  of  the  alloy  to  become  more  noble,  or  the  pH  of  the  electrolyte  should 


Figure  4.  Test  apparatus  for  the  "dip  test."  The  influence  on 
pH,  electrode  potential  and  current  of  progressively 
larger  additions  of  inhibitors  to  chloride  solutions 
was  determined  for  candidate  alloys.  Refer  to  Table  6. 
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increase  upon  addition  of  the  Inhibitor,  or  both.  In  the  dip  test,  specimens 
(5/8"  x 1/2")  of  each  of  the  four  alloys  were  mounted  in  metallographic  mounting 
material  (cold  mount)  after  soldering  an  electrical  contact  to  the  back  of 
each  specimen.  Specimens  then  were  polished  through  a series  of  grits  starting 
with  240  and  finishing  with  600  grit  silicon  carbide.  Polished  specimens 
then  were  carefully  cleaned  with  the  following  cleaning  procedure: 

1.  Rinse  with  tap  water. 

2.  Wash  with  Alconox. 

3.  Rinse  with  distilled  water. 

4.  Rinse  with  tetrachloroethane. 

5.  Wash  with  distilled  water. 

6.  Rinse  with  acetone. 

7.  Blow  dry  in  hot  air. 

Specimens  then  were  exposed  in  a test  cell  shown  in  Figure  4.  The  pH  of  the 
solution,  electrode  potential  and  corrosion  current  were  monitored  as  a function 
of  time.  Specimens  were  immersed  in  500  ml.  of  oxygen-saturated  electrolyte. 

The  duration  of  each  test  was  determined  by  how  long  it  took  an  individual 
reading  to  attain  "steady-state."  Steady-state  was  assumed  when  the  values  of 
pH,  electrode  potential  or  current  remained  constaint  for  a period  of  at  least 
an  hour.  After  establishing  a steady-state  condition,  inhibitors  were  added  to 
the  solutions.  Five  ml.  of  a specific  concentration  of  inhibitor  were  added  at 
a time  and  the  pH,  electrode  potential  and  current  were  allowed  to  re-equilibrate 
to  new  values.  The  process  was  then  repeated  making  successive  5 ml.  additions 
until  the  final  concentration  was  achieved.  This  process  was  performed  for  63 
alloy  and  inhibitor  concentrations  and  the  results  are  listed  in  Table  5.  These 
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RESULTS  OF  DIP  TEST  FOR 

f 

i 

f: 

Benzotrlazole 

Benzimidazole 

Pyridine 

Piperidine 

; Thioglycolic  Acid 

Thiosemicarbazide 

1 - Butanedthiol 

| 1-3  Propanediamine 

i 

2 - Propyn  - 1 - ol 
Cyclohhexylamine 
Cyanoguanidine 
Triethylamine 
Diamyl amine 
Triamylamine 

t Ci.  jtonaldehyde 

Piperazine 
Sodium  Silicate 
Sodium  Nitrite 
Nalco  39L 
Nalco  41L 


5 


OF  INHIBITOR  CANDIDATES 


No  Go 


Go 


* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 


* 
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ACTIVATION  POLARIZATION 


FIGURE  5.  SCHEMATIC  CATHODIC  AND  ANODIC  POLARIZATION  CURVE 


are  designated  as  "go"  and  "no  go"  depending  on  whether  or  not  the  electrode 
potential  and/or  the  pH  moved  in  the  desired  direction.  As  indicated  in 
Table  5,  three  inhibitor  candidates,  piperidine,  piperazine  and  a multifunc- 
tional inhibitor,  Nalco  39L*,  appeared  particularly  promising.  These  materials  • 
were  then  subjected  to  linear  polarization  tests. 

3.2.3.  Linear  Polarization  Tests  - Linear  polarization  tests  were  for 
the  purpose  of  verifying  whether  or  not  the  addition  of  an  inhibitor  made  a 
change  in  the  instantaneous  corrosion  rate.  Such  tests  also  provide  evidence 
as  to  whether  or  not  the  effectiveness  of  the  inhibitor  is  most  pronounced 
at  cathodic  areas,  anodic  areas  or  over  both  anodic  and  cathodic  areas.  Figure 
5 shows  schematically  the  influence  of  inhibitors  on  the  polarization  resistance. 
The  greater  the  change  in  slope  as  compared  to  the  uninhibited  solution,  the 
more  effective  the  inhibitor.  If  the  change  in  slope  is  only  on  the  anodic 
leg  of  the  curve,  the  inhibitor  is  an  anodic  inhibitor.  If  the  slope  is 
changed  only  on  the  cathodic  leg,  the  inhibitor  is  a cathodic  inhibitor  and 
if  the  slope  is  increased  on  both  the  anodic  and  cathodic  legs,  the  inhibitor 
is  one  which  influences  the  processes  at  both  anodes  and  cathodes.  The  equipment 
for  making  linear  polarization  tests  is  shown  in  Figure  6.  Table  6 summarizes 
the  linear  polarization  data  for  the  three  successful  inhibitors  for  each  of 
the  four  alloys  under  consideration.  The  top  entries  in  each  of  the  groupings 
ohow  the  anodic  and  cathodic  slopes  for  the  alloy  without  an  Inhibitor.  In  each 
case,  the  uninhibited  solution  was  acidified  to  a pH  of  approximately  3 using 
hydrochloric  acid.  This  choice  is  in  acknowledgement  of  the  fact  that  if 

♦Trade  name  of  Nalco  Chemical  Company. 
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Figure  6.  Linear  polarization  apparatus  used  to  determine  "polari- 
zation resistance"  of  candidate  materials  in  various 
inhibited  aqueous  chloride  solutions  at  room  temperature. 
See  Table  6. 


TABLE  6 


LINEAR  POLARIZATION  DATA  FROM  INHIBITOR  SCREENING  TESTS 


Alloy 

Solution 

Inhibitor 

pH 

Shapes  (E/l) 

Anodic  Cathodic 

43AO 

— 

3.1 

105 

105 

4340 

Nalco  39L 

8.1 

115 

123 

4340 

Piperidine 

5.4 

133 

133 

4340 

Piperazine 

5.1 

123 

121 

HY180 

— 

3.1 

125 

125 

HY180 

Nalco  39L 

3.3 

10526 

10526 

HY180 

Piperidine 

6.0 

10667 

11048 

HY180 

Piperazine 

7.0 

1333 

1333 

17-4  PH 

— 

3.1 

7692 

7500 

17-4  PH 

Nalco  39L 

3.3 

1010 

ID11 

17-4  PH 

Piperidine 

10.6 

12000 

11000 

17-4  PH 

Piperazine 

10. 1 

10526 

10526 

HP  9-4-30 

— 

3.1 

’ 1090 

1077 

HP  9-4-30 

Nalco  39L 

3.3 

1710 

1880 

HP  9-4-30 

Piperidine 

4.5 

o 

H 

O 

H 

io11 

HP  9-4-30 

Piper^ziue 

6.9 

1143 

1090 
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acidification  occurs  in  an  occluded  cell  in  the  presence  of  chloride,  the  pH 
is  likely  to  be  in  this  regime.  Although  the  specific  data  showed  considerable 
spread  for  the  various  alloys,  each  of  the  inhibitors  increased  the  polarization 
resistance  for  each  of  the  alloys  for  both  the  anodic  and  cathodic  legs  of  the 
curve.  This  indicates  that  each  of  these  three  inhibitors  affects  both  anodic 
and  cathodic  processes. 

Initially,  it  was  th<?  plan  to  expose  each  of  the  alloys  to  each  of  the 
successful  inhibitor  concentrations  as  stressed  specimens  to  assess  the  cracking 
propensities  as  a function  of  time.  Inasmuch  as  such  tests  could  take  a very 
long  time  (particularly  if  the  inhibitors  were  effective)  it  was  decided  to 
abandon  this  additional  screening  and  proceed  directly  to  testing  of  compact 
fracture  toughness  specimens  in  electrolytes  with  and  without  inhibitors. 

SECTION  3.3 

PHASE  III  - FRACTURE  TOUGHNESS  TESTS  AND  HYDROGEN  ANALYSES 

3.3.1.  Fracture  Toughness  Tests  - Compact  tension  specimens  of  4340, 

300M,  17-4  PH  and  HP  9-4-30,  as  shown  in  Figure  7,  were  used  to  determine 
^Iscc  an<*  crac^  growth  rate  in  various  environments.  Bolt-loaded  specimens 
were  employed  in  the  tests  at  University  of  Florida,  since  their  use  would 
minimize  equipment  required  while  maximizing  the  obtaining  of  useful  data. 

Figure  9.  Concurrent  KT  and  crack  growth  rate  studies  were  conducted  at  the 

18CC 

Boeing  Company  under  the  direction  of  Dr.  K.  B.  Das  using  a modified  creep 
machine.  Figure  10.  A close-up  of  the  test  arrangement  appears  as  Figure  11. 

It  was  satisfying  to  observe  that  fracture  toughness  data  from  these  two 
different  methods  of  making  measurements  correlated  well,  Tables  7,  8 and  9. 
Details  of  the  fracture  toughness  testing  are  included  in  Appendix  2. 
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Figure  9.  Bolt- loaded  fracture  toughness  specimens  exposed  in 
chloride  solution  were  used  in  tests  at  University 
of  Florida  to  assess  the  influence  of  the  inhibitors 
on  the  crack  growth  rate,  KIgcc  and  hydrogen  content 
of  test  alloys. 


3.3.2.  Hydrogen  Analysis  - It  was  the  original  plan  to  make  hydrogen 

analyses  of  exposed  test  specimens  both  at  University  of  Florida  and  at  Boeing 

Company,  so  that  a comparlsion  could  be  made  between  the  LECO  Hydrogen  Analyser 

and  Dr.  K.  B.  Das'  Ultrasensitive  Hydrogen  Analysis  Apparatus.  Unfortunately, 

the  LECO  apparatus  was  unadaptable  to  the  configuration  of  specimens  at 

University  of  Florida  and  full  reliance  had  to  be  made  on  Dr.  Das'  apparatus 

to  determine  hydrogen  content,  both  of  samples  from  the  Boeing  tests  and  from 

samples  exposed  at  University  of  Florida.  It  is  not  surprising  that  samples 

% 

which  had  to  be  shipped  from  Gainesville  to  Seattle  for  analysis  gave  some 
evidence  of  loss  of  hydrogen  en  route  despite  the  fact  that  considerable 
effort  was  made  to  minimize  such  loss  through  use  of  dry- ice  packing  and 
insulated  containers.  The  details  of  operations  of  the  ultrasensitive 
hydrogen  detector  are  given  in  Appendix  2. 


FRACTURE  TOUGHNESS  BEHAVIOR  OF  AEROSPACE  ALLOYS  IN  CHLORIDE  SOLUTIONS  CONTAINING  NALCO  39L  AS  AN  INHIBITOR 
0.1  M Cl"  IN  DISTILLED  WATER  WITH  (X)  STOCK  SOLUTION  NALCO  39L  ADDED 


Stock  Solui 


TABLE  7 (Continued) 


TABLE  7 (Concluded) 


FRACTURE  TOUGHNESS  BEHAVIOR  OF  AEROSPACE  ALLOYS  IN  CHLORIDE  SOLUTIONS  CONTAINING  PIPERAZINE  AS  AN  INHIBITOR 


TABLE  8 (Concluded) 
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FRACTURE  TOUGHNESS  BEHAVIOR  OF  AEROSPACE  ALLOTS  IN  CHLORIDE  SOLUTIONS  CONTAINING  PIPERIDINE  AS  AN  INHIBITOR 


SECTION  4 


RESULTS 


Tables  7,  8 and  9 summarize  Che  fracture  toughness,  crack  growth  rate  and 
hydrogen  analysis  data  from  Phase  III  of  this  investigation.  The  distribution 
of  test  work  gave  greatest  emphasis  to  alloy  4340  in  an  attempt  to  provide  a 
"bridge"  between  alloys  known  to  suffer  hydrogen  embrittlement  damage  and  other 
alloys  thought  to  be  less  susceptible. 

SECTION  4.1 

ALLOYS  4340  AND  300M  (300M  IS  GROUPED  WITH  4340  BECAUSE  IT  IS  COMPOS ITIONALLY 
EXCEEDINGLY  CLOSE  TO  4340  AND  ITS  BEHAVIOR  PROVED  TO  BE  ESSENTIALLY  THE  SAME.) 

The  effect  of  the  inhibitors  on  the  fracture  toughness  behavior  in  0.1  M 
chloride  solutions  is  as  follows.  The  poly functional  inhibitor,  Nalco  39L, 
reduces  the  hydrogen  content  of  the  metal  as  compared  to  samples  where  no  inhibitor 
was  piesent  in  the  chloride  solution.  The  hydrogen  level  at  (or  near)  the  frac- 
ture surface  was  consistently  lower  for  samples  exposed  to  39L  than  for  piperidine 
or  piperazine.  Nalco  39L  (at  the  concentration  recommended  by  the  manufacturer) 
also  decreases  the  crack  growth  rate  by  about  1 order  of  magnitude.  Increasing 
the  inhibitor  concentration  increases  hydrogen  content  monotonically  without 
materially  changing  Kj8CC’  Comparing  the  nil-chloride  data  with  0.1  M chloride 
data  it  is  observed  that  chloride  ion  also  increases  the  hydrogen  content  and 
decreases  ^Igcc.  The  crack  growth  rate  for  4340  is  slightly  higher  than  that 
for  300M  in  Nalco  39L.  This  inhibitor  is  most  effective  itv  the  concentration 
recommended  by  the  manufacturer.  If  the  concentration  is  too  dilute,  or  too 
concentrated,  the  effectiveness  decreases  significantly.  The  reduction  in 
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hydrogen  content  upon  use  of  the  inhibitor  corresponds  with  the  fact  that  the 
electrode  potential  of  4340  (and  300M)  exposed  to  Nalco  39L  is  above  the  equi- 
librium hydrogen  line.  Piperazine  also  reduces  hydrogen  entry  at  all  concentration 
levels  tested  in  0.1  M chloride  solutions  (but  not  to  quite  as  low  levels  as 
Nalco  39L).  The  range  of  inhibitor  concentrations  was  from  .01  M to  1.0  M. 

The  .01  M piperazine  addition  was  insufficient  to  retard  crack  growth  rate  or 
to  'increase  KIscc  significantly  as  compared  to  samples  in  which  no  inhibitor 
was  added,  thus  the  reduction  of  hydrogen  apparently  was  insufficient  to  affect 
these  other  criteria.  Figure  11.  By  contrast,  at  1.0  M concentration  of 
piperazine,  the  crack  growth  rate  was  reduced  by  3 orders  of  magnitude  to  less 

than  1 x 10  **  inch  per  minute  and  K_  was  increased  from  10  for  the  uninhibited 

Iscc 

solution  to  61  for  the  inhibited  solution. 

Piperidine  appears  to  take  somewhat  longer  to  provide  effective  inhibition 
of  4340  in  solutions  in  the  range  of  .01  M to  1.0  M in  0.1  M chloride  solutions. 
However,  after  its  effect  has  been  established,  results  are  essentially  the  same 
as  for  piperazine.  That  is  to  say,  the  .01  M piperidine  reduces  hydrogen  entry 
but  does  not  reduce  crack  growth  rate  or  increase  Kjscc  but  the  1»0  M solution 
significantly  reduces  crack  growth  rate  and  increase  ^£scc*  The  detailed 
evidence  in  Table  9 indicates  that  the  effects  are  slightly  less  than  for 
piperazine.  Table  8.  The  results  with  300M  are  similar.  It  is  particularly 
interesting  to  observe  that  for  both  piperazine  and  piperidine  (both  "blocking" 
inhibitors)  the  hydrogen  levels  as  determined  at  (or  near)  the  fracture  surface 
of  fracture  toughness  samples  exposed  to  1.0  M additions  of  the  inhibitor  in 
chloride  solution  were  significantly  higher  than  for  the  corresponding  tests 
using  Nalco  39L.  Nonetheless,  piperazine  and  piperidine  were  both  significantly 


more  effective  in  inhibiting  cracking  of  A3A0  and  300M  (alloys  known  to  be  especially 
subject  to  hydrogen  embrittlement)  than  was  Nalco  39L.  This  leads  to  the 
speculation  that  there  may  be  hydrogen  either  combined  or  trapped  in  the  surface 
film  which  is  prevented  from  entering  the  metal  as  a result  of  use  of  piper- 
azine or  piperidine.  Further  research  will  be  necessary  to  elucidate  the 
mechanism  involved  here.  Cathodic  protection  tests  with  A3A0  in  39L  indicate 
that  the  crack  growth  rate  can  be  arrested  in  39L  by  the  use  of  zinc  anodes. 

Thus,  evidence  is  available  that  cracking  of  A340  in  solutions  containing  chlorides 
and  (highly  concentrated)  Nalco  39L  may  crack  by  active  path  corrosion  rather 
than  by  hydrogen  embrittlement.  Apparently  the  inhibitor  prevents  the  hydrogen 
charging  of  A ' J even  when  cathodic  protection  is  applied  so  long  as  the  level 
of  cathodic  protection  is  modest.  This  implies  that  ine  or  possibly  aluminum 
anodes  could  be  useful  whereas  magnesium  anodes  shou:  tot  be  used.  This  is 
consistent  with  work  reported  by  Das  et.  al.^  who  reported  that  use  of  cathodic 
protection  could  be  beneficial  for  such  alloys.  The  fact  that  the  mode  of  failure, 
of  A3A0  and  3CDM  may  ’ changed  from  hydrogen  embrittlement  to  active  path 
corrosion  by  choice  of  the  concentration  of  the  inhibitor  offers  an  unusual 
opportunity  to  study  the  mechanisms  Involved. 

Fractographs  were  i of  compact  fracture  toughness  specimens  of  A3A0 
alloy  exposed  to  Nalco  39L  of  two  concentrations  of  piperazine,  .01  M and  1.0 

M.  Electron  microscope  replica  pictures  of  the  fracture  surfaces  of  specimens 

> 

CA-27  and  CA-3A  appear  as  Figures  12  and  13.  Both  fractographs  are  from  the 
slow  crack  growth  (SCG)  region.  At  the  lower  concentration  of  inhibitor,  the 
details  of  the  fractograph  reveal  intergranular  cleavage  typical  of  hydrogen 
embrittlement  failure.  By  contrast,  at  the  higher  concentration  the  features 
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Figure  12. 


, n-ark  arowth  (SCG>  region  of  specimen 

Repiien  of  « *ed  to  0.1  M chloride  solution 

CA-2/,  alloy  ««>  exposed  to  Inhibitor 

containing  0.01  M plp.r«l»e;  Jhl.  g*  £tacture 
did  not  increase  Kr  cc  ana  , 
surface  show  interg?anular  cleavage. 
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Figure  13.  Replica  of  slow  crack  growth  (SCG)  region  of  specimen 
C4-34,  4340  alloy  exposed  to  0.1  M chloride  solution 
containing  1.0  M piperazine.  Although  hydrogen  content 
in  the  SCG  region  was  above  base-line,  kL  increased 
to  61  ksi  /inch  and  features  of  the  fracfu$S  surface 
8 how  considerable  dimpled  character  as  compared  with 
Figure  12. 


J 1 


Indicate  quasi-cleavage  and  have  considerable  d lap led  character  indicating  a 
change  in  node.  The  fractographa  offer  additional  evidence  that  the  node  of 
failure  is  affected  by  the  cheaiical  environment  for  4340. 

Confirmation  that  a protective  barrier  film  forms  in  the  presence  of 
piperaxine  or  piperidine  la  given  by  Figure  14.  These  aaaq>les  were  exposed 
in  1.0  M piperaxine  and  piperidine  for  a period  of  approximately  a month  and 
then  were  allowed  to  stand  in  laboratory  aatalant  air  for  another  month  before 
the  pictures  were  taken.  Comparing  these  samples , it  is  clear  that  piperaxine 
provides  a protective  barrier  coating  (when  present  in  sufficient  concentration) 
which  retards  corrosion. 


SECTION  4.2 
ALLOY  HP  9-4-30 

HP  9-4-30  ie  a structural  alloy  of  considerably  lower  strength  than  4340 
or  300M.  The  data  contained  in  Table  7 shows  that  Nalco  39L  is  quite  attractive 
as  an  inhibitor  for  HP  9-4-30.  As  with  other  alloys,  piperidine  and  piperaxine 
are  not  useful  at  law  concentrations  such  as  .01  N,  however,  at  1.0  M concentrations, 
the  crack  growth  rate  is  in  the  range  of  10  * Inches  per  minute  and  KIscc 
increases  to  55  or  above  with  very  low  hydrogen  in  the  samples.  It  would  appear 
that  any  of  the  3 inhibitors  would  be  suitable  for  this  alloy  provided  the 
concentration  level  was  adequate. 
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Figure  14.  Comparison  of  the  fracture  surfaces  of  C4-27  and 

C4-34  after  approximately  one  month  exposure  to  1 

laboratory  atmosphere  reveal  that  1.0  M piperazine 
(specimen  C4-34)  leaves  a protective  barrier  coating 
of  considerable  persistance  as  shown  by  its  freedom 

from  rusting.  1 
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SECTION  4 3 
ALLOY  17-4  PH 

This  alloy  is  exceedingly  sensitive  to  the  presence  of  hydrogen  and  the 
data  in  Table  7 agree  with  data  of  Das  et.  al.  Even  the  dilute  concentration 
of  Nalco  39L  reduced  hydrogen  levels  in  17-4  PH  by  approximately  50%  and 
raised  the  KIgcc  value  approximately  to  K^.  Inasmuch  as  17-4  PH  is  particularly 
sensitive  to  hydrogen,  an  inhibitor  which  should  be  most  successful  with  this 
alloy  would  be  one  which  minimizes  the  possibility  of  hydrogen  entry.  Nalco 
39L  would  appear  to  be  somewhat  preferable  to  the  blocking  inhibitors  (piper- 
idine and  piperazine)  for  this  alloy  since  use  of  Nalco  39L  consistently 
resulted  in  lowest  hydrogen  content.  It  is  possible  that  the  blocking  inhibitors 
could  be  manipulated  by  the  addition  of  recombination  catalysts  to  encourage 
the  formation  of  molecular  hydrogen  at  the  surface,  thereby  preventing  the 
danger  of  entry.  This,  of  course,  would  require  considerable  research. 

SECTION  4.4 
ALLOY  HY180 

This  alloy  was  added  late  in  the  program  on  the  basis  that  work  would  be 
done  on  it  insofar  as  time  and  resources  permitted.  As  a consequence,  no  data 
are  presented  for  this  alloy. 


SECTION  5 


DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 


Starting  with  nearly  200  inhibitor  formulations,  a selection  process  has 
been  employed  which  narrowed  the  number  of  alternatives  under  consideration  to 
three.  These  were  piperazine,  piperidine  and  Nalco  39L.  Each  of  these 
inhibitors  has  successfully  survived  the  go  and  no-go  tests  referred  to  herein 
as  the  dip  test,  and  also  show  the  proper  change  in  polarization  resistance 
suggesting  that  instantaneous  corrosion  rates  are  significantly  reduced  using 
these  formulations.  Piperazine  and  piperidine  appear  to  function  as  blocking 
inhibitors  and  when  available  in  sufficient  concentration  reduce  the  hydrogen 
level,  reduce  the  crack  growth  rate  and  increase  the  Kl8cc  values  for  fracture 
toughness  specimens  of  each  of  the  alloys  tested.  The  numerical  value  of  the 
measured  hydrogen  content  from  fracture  surfaces  is  higher  for  either  piperidine 
or  piperazine  than  for  Nalco  39L.  It  is  postulated  that  this  is  the  result 
of  a surface-effect  possibly  involving  either  chemical  or  mechanical  attachment 
of  hydrogen  to  the  passivating  barrier  film.  The  polyfunctional  inhibitor 
Nalco  39L  reduces  hydrogen  j-evels  to  the  lowest  value  of  the  3 inhibitors  used 
in  fracture  toughness  tests.  Apparently,  Nalco  39L  does  not  deposit  a signi- 
ficantly protective  barrier  film  (as  compared  to  the  blocking  inhibitors). 

Nalco  39L  is  most  effective  at  the  concentration  recommended  by  the  manufacturer. 
At  lower  concentrations  it  is  not  particularly  effective  and  at  higher  concen- 
trations crack  growth  rates  actually  increase  apparently  by  a change  in  mechanism. 
Fractographic  evidence  and  response  to  cathodic  protection  suggests  that  at 
higher  concentrations  the  cracking  is  active  path  cracking  rather  than  hydrogen 
embrittlement,  for  alloy  4340  exposed  to  Nalco  39L.  The  ability  to  manipulate 
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the  mode  of  fracture  by  altering  the  concentration  of  this  inhibitor  offers 
a unique  opportunity  to  study  the  mechanism  of  hydrogen  embrittlement  and  active 
path  corrosion. 
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SECTION  6 


NEW  DIRECTIONS  FOR  RESEARCH 

In  the  conduct  of  the  current  research  it  became  evident  that  the  process 
of  selecting  inhibitor  candidates  could  be  improved  if  additional,  scientifically- 
based  screening  processes  were  developed.  Concurrently  with  the  present  investi- 
gation a number  of  preliminary  studies  were  made  in  an  attempt  to  develop 
alternate  screening  methods.  Those  which  appeared  to  show  particular  promise 
and  deserve  further  development  include  the  study  of  the  Influence  of  inhibitors 
on  the  NMR  shift,  the  effect  of  wetabllity  of  the  surface  as  measured  by  changes 
in  the  contact  angle  (as  influenced  by  inhibitor  additions),  and  the  study  of 
the  importance  of  the  seta  potential  using  streaming  potential  apparatus. 

Another  type  of  experiment  which  should  be  considered  is  the  study  of  the 
mechanism  of  inhibition  by  slaking  use  of  cathodic  protection  as  a tool  to 
Investigate  the  capacity  of  adsorbed  films  to  prevent  hydrogen  entry.  As  a 
corollary  to  such  studies  it  may  be  possible  to  incorporate  a hydrogen  recom- 
bination catalyst  in  the  structure  of  the  adsorbed  film.  The  ability  to  control 
the  mode  of  cracking  of  4340  by  varying  the  concentration  of  Nalco  39L  offers 
a unique  opportunity  to  elucidate , the  mechanisms  of  hydrogen  embrittlement 
and  active  path  corrosion, 

Maitra16  has  made  use  of  "growth  path  envelope"  techniques  to  analyze 
the  behavior  of  materials  under  conditions  leading  to  pitting.  Such  an  analysis 
on  materials  exposed  to  inhibited  versus  uninhibited  electrolytes  could  lead 
to  an  assessment  of  whether  the  inhibitor  functions  primarily  to  reduce  the 
likelihood  of  initiation  of  pitting  or  whether  its  function. is  primarily  one 
of  changing  the  magnitude  of  the  Intensity  of  the  corrosion  process. 
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APPENDIX  A 


Heat  treatment  of  fracture  toughness  specimens  was  in  accordance  with, 
and  extracted  from,  the  following  Boeing  Aircraft  Company  specifications: 


Heat  Treatment 

Material 

Specifications 

4340 

BAC  5617 

300M 

1* 

HP  9-4“ 30 

19 

17-4  PH 

BAC  5619 

Excerpted  from  BAC  Specification  5617 


6.2.1  TMP8RAT0II8  RBQOXJUNMM  K*  HEAT  TMATUW  PROCESSES 

Select  the  eorreat  taaperatura  for  the  required  proem  froa  Table  T. 


TABU  V 

TUtf  FUTURE  BEQUIEEMENTS  FOB  VaRTO"S  MEAT  TBZATZNC  PROCESSES  FOB  DESIGNATED  STEELS 


123*145 


Taaperatura  °T 

tr> 

Steel  Type 

1 Subcritical 
Anneal 

Nona  lisa 

Harden 

grrii  ■ iry 

Minima  Taaparlng  Taaperatura  

for  Teneile  Strength  Range  Shorn  L2_> 


160-180 


4130,  8630 
4135,  6733 
4137,  4037 
4140,  6740 


4340 

4330M 

(VMS  7-122) 
AMS  6407 
433511 


1250-1300 

1230-1300 

1225-1275 

1225-1275 


1225-1275 

1225-1275 

1225-1275 

1225-1275 


5Cr-l.  3Mo 


52100 


Hn-Sl-Ni 
M1L-S-7106 
AMS  6416 


9R1-4CO-20C 
(SMS  7-182, 
Typo  IV) 


9N1-4C© 
(BUS  7-162, 
Typ«  ID 


D6AC 


1250-1300 


1375-1425 


1225-1275 


1175-1225 

HO 


1100-1300 

no 


1100-1300 

HO 


1600-1700 
1600-1700 
1600  1700 
1600-1675 


1600*1630 

161)0-1700 

1630-1700 

1625-1673 


1600-1630 

1330-1630 

1300-1600 


1330-1600 

1350-1600 

1350-1600 

1525-1373 


1300-1330 

1350-1600 

1330-1600 

1330-1623 


1350-1600 

1430-1525 

1430-1525 


1600-1630  1300-1350 


1623-1700  1373-1623 


CO  1823-1873 


1600-1700  1500-1550 


1673-1725  1373-1623 


1623-1673  1325-1373 


1673-1723  1300-1330 


220-240 

KS1 

Be  46-48 


Double  taaper  at  573  for  either  270-300  RSI  or  273-300  RSI. 
The  towering  facility  oho  11  bo  eet  at  a ceapereture  of 
373.  


See  6. 2.6. 3 for  Tampering.  


at  330  nlnlmaa  for  Bocfceell  C 60-63 


Double  reaper  at  1025-107}  far  190  RSI  alnlaua  LO 


r-MTtytrr 


Double  tanner  at  looo  lor 
facility  shall  be  set  at  a taaperatura 


lee  6.2.7  far  193-220  MI,  Rockwell  C 42-46 


1223-1275 


1700-1730  11475-1725 


RtV  (B)  10-S-44  (at  3-1-47  (S)  11*3-70  (K)  10-1*-?* 


Excerpted  from  BAC  Specification  5617 


6.2.1  (Continued) 


no  Tht  lulaa  difference  in  temperature  between  the  control  lnatrimunt  eettlng  end  all 

polnta  within  the  working  cone  of  the  furnace  it  + 2J  F.  The  control  lnetruaent  ahall 
therefore  be  act  at  a teaperature  which  will  eneure  thet  all  polnta  in  the  working 
tone  are  within  the  teaperature  range  apecifled. 

CO  The  taaperaturee  ehown  escept  for  Ml-ACo  (MU  7-1S2,  Type  II)  and  *34 Oh  are  the  alnlaua 
teaperature  control  inatruaent  aattinga  allowed  for  the  (pacific  etael  and  etrength  range 
ehown.  It  will  uaually  be  naceeaary  to  coapenaate  for  »lte  effecte  and  variation  in 
coopocltlon  of  individual  heate  of  (teal.  In  general,  a taaperlng  teaperature 

approximately  30  F higher  than  the  alnlaua  ahown  will  be  neceaaary  to  achieve  the 

required  tanaila  etrength. 

[3I>  For  Spring  teaper  Re  43-47.  teaper  at  725P  to  900P. 

GO  For  Spring  teaper  Re  40-46,  temper  at  7 OOF  to  600F. 

rr~>  Moraallslng  proeeee  not  applicable  to  5Cr-1.3Fo  material. 

1 6 > Hold  for  15-20  houre.  For  beat  aaehlnablllty  heat  at  1360-1380P  for  a time  aufflelent 
to  lnaure  through  heating,  tool  at  50P  per  hour  to  HOOP,  air  cool  to  room  temperat-ire, 
reheat  to  1175  to  1235F  for  15  to  30  houra  and  air  cool. 

rr~>  335-235  KSI  alnlaua  Soar 
330-340  KSI  alnlaua  500P 
335-2*5  KSI  minimum  ROOF 

CEO  Sold  at  -100F  or  colder  prior  to  any  taaperlng  eperatlona.  The  a oak  tlaw  begins  art  :r  • 
the  cooling  facility  haa  recovered  to  the  apeelfled  teaperature.  If  the  perta  are 
laaeraad  In  liquid  cooling  medium  (l.e.,  acetone,  alcohol,  trichloroethylene),  soak 
15  minutes  alnlaua  for  section  thicknesses  up  to  0.50  Inches  and  add  15  mlnutea  for 
each  additional  0.01  - 0.50  increment  of  thickness.  If  parts  are  cooled  In  a gaseoua 
medium  (l.e.,  air,  nitrogen)  soak  30  mlnutea  minimum  for  thicknesses  up  to .0.50  Inches 
and  add  30  minutes  for  each  additional  0.01  - 0.50  Inch  Increment  of  thickness.  Osseous 
cooling  medium  is  prafsrred  oysr  liquid  cooling  modlum  because  the  former  reduces  the 
danger  of  cracking  due  to  a slower  rats  of  cooling. 

rg~~>  * double  suborltleal  anneal  treatment  Is  required  to  obtain  a hardness  not  greeter 

than  BKM  3*1  or  equivalent.  Conduct  the  flret  eubcrltleal  anneal  at  135O-130OP 
and  the  second  aubcrltlcal  anneal  at  1100- 1150P. 

Tim  REQ0IR9UBTC8  FOR  HUT  TREATIHO  PROCESS *8 

Select  the  aoproprlace  time  for  the  required  proeeee  from  Teble  VI. 

TABLI  VI 

KINDTON  TUOt  RBQUinBiBrrS  FOR  VARIOUS  HUT  TRUTIMO  I 

PROCESSES  USED  OH  S1CTI0R  THICKK1SS,  TYPS  OF 
FURMACK,  TYPE  OP  STEEL  AHD  STUMOTH  LEVEL 


W-K-Ol  (*)  Ol-c-u  CD  W-l-C  (a)  S9-V-**  O)  (I)  A3» 


Excerpted  from  BAC.  Specification  5617 


■6.1.8  (Continued) 

GO  A cooplax  port  aay  bo  eonoldorod  oa  being  tooprlood  of  a aariaa  of  bloeka|  aaeh  block 
haring  a given  length,  width,  and  thlatmeeo  (aaallaat  diaanolon).  Define  aaatlon 
thickneeo  ao  the  largeat  thlekneao  in  thla  eerios  of  bloeka  - for  tingle  layer  loading. 
For  oultllayor  loading  the  thloknoaa  ahall  ba  defined  aa  the  aaalleat  or  the  three 
dlaenalone  and  the  not  inn  of  thli  dlnanalon  uaed  for  eeetlon  thloknoaa.  Zf 
atralghtenlng  flxturea  are  uaed  during  tonparing,  eonalder  the  eeetlon  thlekneae  of 
the  fixture  in  addition  to  that  of  the  part. 

rr>  Per  air  fumaeea,  heating  tine  (a oak  period)  beglna  whan  the  eoldoat  work  none  recorder 
tharaoeouple  reading  reaehea  the  nlnlaua  of  the  heat-treating  range  after  lnaertlon  of 
the  load.  For  aalt  bathe  or  load  batha,  tine  baglna  when  the  control  temperature 
return*  to  the  nlnlaua  of  the  heat-treating  rang*  being  ueed. 

nr>  Thi*  eolinet  applicable  to  all  notarial*  and  heat-treat  rangea  except  hardening  of 
5Cr-1.3Mo.  Thla  ooluan  la  alao  applicable  to  prohaatlig  or  auborltleal  annealing 
of  5Crl.J(o  ateel  at  1450P  or  lntanadlate  heat-treat  at  I65OP. 

GO  Thla  ooluan  alao  applicable  to  preheating  of  5Cr-1.3Mo  at  1MOP. 

□50  Thla  ooluan  applicable  to  auberltleal  annealing. 

DO  Por  copper  plated  parte  lnereaae  nlnlaua  heating  time  by  50  percent. 

QO  The  following  curve  aay  be  uaed  for  deteralnatlon  of  taaporlng  tlaoa  on  t3*CM  ateel 
part*. 


a.  Teaperature  and  tin*  requirement*  for  auberltleal  annealing  are  aa  ahown  In  Tablaa  T 
and  VI.  At  the  eonelualoa  of  the  heating  period  reaove  the  parte  froa  the  femaee  and 
eeol  In  etlll  air. 


b.  Aa  eaabaatlbia  ataoapharea  eontalnlag  hydrogen  cannot  oafoiy  be  uaed  at  ta^aroturo* 
below  lJOOP,  auberltleal  annealing  should  ordinarily  be  conducted  la  air  and  the  aaala 
raaovod  by  plekllng  or  aoohanloal  cleaning.  Where  the  aaal*  produced  cannot  be  tolerated, 
apwelel  aethed*  aueh  aa  uolng  an  lnart  ataoaphara  or  a plating  af  copper  0.0005  Inohae 
nlnlaua  thlekneae  aeeordlng  to  1AC  5796,  Typo  III  noy  be  oppllooblo.  Oonault  the 
Matarlols  Technology  Organisation  for  apoolfle  application* . 


REV  (A)  11-4-6J  (SI  S-1 (S) 


Excerpted  front  BAC  Specification  5617 


6.2. 3.2 


a. 


b. 


Suberitieal  annealing  h;  be  >m4  far  the  fallenlngi 
(1)  timillia  between  retains  operations. 

(t)  street  relief  prlar  te  hardening  far  tba  nenii  af  aaatilnlag  er  feratag  atraaaaa. 

(S’  Removal  af  friar  beat  treatment  where  aaaaeeaty  la  rwwatfc  ef  anaaaalaaly  warped  parte. 


Pollewihg  naraaUalM.blr  aaal  the  parte  be  appreeVeataly  IMS  wtlea,  and 
suberitieal  anneal  within  an 


Motet  If  lartaelis  la  to  fallow  lansdlatoly  after  noraellalng, 
suberitieal  anneal  any  be  eadttaS  by  prahaatlns  parte 
at  the  auberltlaal  annealing  tier  era  tare  fee  a tine  aefflelent 
to  insure  through- heating,  then  transfer  te  the  hardening  fareaee. 


•AC 

5617 


Htt  10 


Excerpted  from  BAC  Specification  5619 


6.1.2  PROCESS  RBOPIMMMVS  FOR  IRE  HEAT  TREAltUMT  OP  17- 7» 

«•*•*•*  Apassuas  SssmStissLi 

e.  Iteaimeallng  la  required  only  far  the  following. 

(1)  forte  fusion  Molded  in  the  annealed  condition. 

(2)  Rework  of  previously  heat- treated  parts . 

(3)  Parte  far  which  tho  tine  Halt  for  tranafomatlon  has  been  cm  ceded. 


oaiomat  issue 

S MWS»ft  •■/»» 


1-6-60 


rest  9 
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MCV  (A)  ll-fc-4)  (»)  l*<Mk  (C)  11-2U-6U  (I)  7-13-70 


Excerpted  from  BAC  Specification  5619 


i.t.I.l  (Continued) 


6- A. *.5 


«.*.8.6 


«.  *.  8. 2 


6.4.S.3 


6,4.8.* 


b.  RMiintil  u M*4K  fort 

(1)  Tha  rwonl  of  sold  work  batman  forcing  o pa  rot  Iona . 

(*)  Tha  control «ef  distortion  d urine  hoot  treatmant. 
o.  Where  required,  anneal  oo  follooot 

(1)  Chorea  eold  port  Into  o ruraoca  at  19*5  - 1979. 

(8)  Hold  fnr  3 olnutaa  olnlouo  to  7 ainutea  pool—  por  0.1  lneh  oootlan  thickness 
or  fraction  thereof,  but  not  laaa  than  3 olnutaa. 

(3)  Raooaa  froo  tha  fumoaa  and  eool  in  still  olr.  Cool  to  bolou  ltOOP  within 
30  olnutaa  after  renewal  froo  the  fumaoa . 


After  final  annealing  and  prior  to  auetenlte  conditioning  descale  porta 
during  fabrication  in  aeoordanee  with  BAC  5751 . 


a.  Auatanlte  condition  bp  heating  tha  notorial  ot  137V  14*58  for  90  olnutoo. 

b.  Air  eool  to  212?  maximum  prior  to  transformation  treat oant . 


Tranafomatlon  aha  11  be  paeeopllahed  to  eeollng  the  porta  below  600  within 
after  removal  froo  tha  140QP  furnace.  The  porta  shall  be  aolntolned  below  thla 


teoperoturo  for  not  loaa  then  30  olnutaa. 


b.  Porta  mmr  be  straightened  during  eeollng  rroa  the  ltOOF  auatortte  eondltlenlag 

treetwent.  Transformation  to  a nartaneltle  atructure  aceotapaniod  bp  growth  of  tL* 
notarial  and  deereeaad  ductility  begins  at  approximately  SOOT-  Where  due  to 
straightening  ope  ret  lone,  the  one  hour  time  Unit  for  attaining  6 OP  cannot  bo  not, 
cool  tha  parta  within  7t  hours , to  olnuo  MP  t 10P  for  3 hours  prtar  to  proolpitatlon 
hardening. 

Removal  of  Condition  T Scale 

After  transformation  treatment  to  Condition  T and  before  precipitation  hardening  to 
Conditions  TH1060  or  WHO,  remove  scale  resulting  froo  auotanlte  conditioning  at  lboop 
In  aceordanca  with  BAC  5751. 

Optloni  ir  protective  coating  la  used  00  tha  part,  aaale  resulting  from  the  lMOf 
auatanlte  conditioning  nay  be  removed  after  Tl  Hardening  Treatment. 

When  heat-treat  seals  can  be  completely  removed  following  hardening,  seals  resulting  free 
the  lbOOP  Auetenlte  condition  If*  treatment  way  be  removed  after  hardening. 

J>0t  Straightening  During  Precipitation  Hardening 

Straightening  nay  be  accomplished  by  the  use  of  speelal  fixtures  during  Preelpitatleo 
Hardening  to  Condition  TH1060  or  W110. 


a.  Precipitation  harden  to  Condition  W060  (180-800  K31,  Re*0-*3)  by  hooting  ports  to 
1050-1080P  for  90  olnutaa  and  air  eool. 

b.  Precipitation  harden  to  Condition  WHO  (150-170  HU,  R.34-36)  by  hooting  the  porta  to 
1100-11808  for  alnutea  and  air  eool. 

c.  Reheat- treat  parta  hawing  hardness  in  excess  of  the  specified  mail quo  far  an  additional 


90  olnutaa  at  a higher  temperature  te  obtain  the  required  hardness.  An  increase  la 
aboee'fltff  of  1(111  result  in  a decree  as  In  tuidoH  of  oma  R.  point.  Bo  not  m 


*e  P*1*1- 


rase  * 


tntma  istwi 


Excerpted  froa  BAC  Specification  5619 


6. 4. 8.7  (centlneed) 


4.  hrti  htvlie  ImHmm  Um  than  ttw  ageelfied  einlnaa  ea § be  wwHw«  aa  relieve i 

(1)  Parte  ha*W  a hardnte*  cf  # U one  !«  dlvialoa  leva  Um  tha  epeolfled  vIMvmv 
ear  6*  rohoatag  690-91  OP  far  SO  vine  tea  te  reeeeer  Um  repaired  atrength. 

(•)  Mhore  the  traateMnt  deeerlhed  ate  wo  la  lnedegaate,  roonaaallag  at  19500  la 
repaired  prior  te  roecooooolag.  flv  precipitation  ho  riming  tovporotaro 
vaqr  te  roiaood  free  UMt  ae  Ottawa  ly  eaed.  tat  la  aa  laetanee  ahall  the  Initial 
tevperatare  te  leea  than  10*00. 


6.4, 8.8 


henoee  all  treeee  ef  heat  treat  vent  eeale  la  accordance  vita  MC  3751. 


6.4.8. 9 


Meat  traatvant  to  Condition  M990  ahall  te  aaaeaellahad  In  amnrtante  with  the  roqalrovonta 
of  6.1.3. 3 * 6.1. 3. 7 inolaalee  exceed  heat  treated  propertloo  ahall  to  aa  fellovot 


6.4.8.10 


thichneee 

(la.) 

0.0015  - 0.1876 
0.1879  * 0.6850 


TotMlle 


(**I) 
810  - 830 
800  - 880 


46  HU 


("a) 

44  - 47 

43  - 46 

) 


rreelp? tatlon 
and  air  eeol. 


_ to  Condition  01900  tf  hooting  Um  parte 

(Starting  notarial  neat  he  parehaeed  in  Canal 


te  890  - 9108  for  60  alnatoa 
lion  C). 


6.4.8.11  MHDUl  St  -fiMamtn  *w\» 

honnee  all  tree oe  of  heat  traatvant  eeale  la  aooerdanoe  with  B4C  5751 


ease  II 
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APPENDIX  B 


ULTRASENSITIVE  HYDROGEN  DETECTION  SYSTEM 


Hydrogen  Analysis  System 

A general  view  of  Che  Ultrasensitive  Hydrogen  Detector  appears  as  Figure  15. 
A schematic  of  the  hydrogen  detector  is  shown  in  Figure  16.  The  system  essen- 
tially consists  of  an  airtight  specimen  holder  which  is  placed  inside  the  work 
coil  of  an  Induction  heater  for  the  purpose  of  extracting  hydrogen  from  the 
test  specimen,  a micro-quantitative  gas  metering  system  or  MGM  system,  a 
semi-permeable  membrane  (from  here  on  referred  to  as  SPM) , a vac-ion  pump,  and 
a source  of  high  purity  argon  gas.  Hydrogen  present  as  water,  organic  material 
as  well  as  elemental,  is  released  from  a metal  by  heating  the  metal.  The 
hydrogen  thus  liberated  is  directed  toward  the  activated  SPM  by  the  flowing 
argon  gas  (carrier  gas).  The  SPM  lets  only  hydrogen  permeate  through  it  while 
remaining  impermeable  to  other  gases.  On  the  other  side  of  the  SPM  is  a contin- 
uously pumped  high  vacuum  chamber  (ion-pump  housing).  Thus,  the  SPM  has  a 
high  vacuum  on  one  side  and  about  one  atmosphere  pressure  on  the  other. 

The  pressure  in  the  ion-pump  chamber  is  measured  by  monitoring  the  ion- 
current  through  the  pump.  Once  the  chamber  is  pumped  down  to  its  base  vacuum, 
any  permeation  of  hydrogen  through  the  SPM  will  result  in  an  increase  in  the 
ion-current  reading  as  seen  by  the  ion-pump.  An  increase  in  the  ion-current 
reading  is  therefore  directly  proportional  to  the  amount  of  hydrogen  in  the 
carrier  gas  stream.  Thus,  if  the  detector  readout  is  calibrated  by  introducing 
known  amounts  of  hydrogen  in  the  vacuum  system,  thereby  establishing  a relation- 
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leneral  view  of  Ultrasensitive  Hydrogen  Detector  of  Boeing. 


Figure  16.  Schematic  of  hydrogen  detector 


ship  between  the  concentration  of  hydrogen  in  the  gas  stream  and  the  ion-current 
readings,  one  can  easily  estimate  the  amount  of  hydrogen  in  the  gas  stream  from 
an  unknown  source.  In  the  present  case  the  detector  is  calibrated  by  introducing 
known  amounts  of  hydrogen  in  the  vacuum  chamber  by  the  MGM  system,  and  a 
relationship  is  established  between  the  concentration  of  hydrogen  in  the  gas 
stream  and  the  ion-current  readings.  Such  a calibration  procedure  also  provides 
a check  for  the  linearity  of  the  detector  and  gives  a measure  of  its  sensitivity. 
The  sensitivity  of  the  detector  depends  upon  the  flow-rate  of  the  carrier  gas, 
and  the  temperature  of  the  SPM.  Thus,  in  order  to  maintain  the  same  permeation 
efficiency  for  hydrogen  from  the  MGM  system  and  the  test  specimen  it  is  essential 
to  keep  these  parameters  constant. 

For  bulk  hydrogen  analysis  the  experimental  approach  essentially  consists 
of  extracting  hydrogen  from  the  test  specimens  using  an  induction  furnace  and 
then  measuring  the  amount  of  hydrogen  thus  extracted  with  the  hydrogen  detector. 
Hydrogen,  after  permeating  through  the  SPM,  arrives  in  the  detector  housing 
where  it  is  detected  by  an  appropriate  sensing  element  and  an  instantaneous 
electrical  signal  representative  of  the  amount  of  hydrogen  present  is  recorded. 

In  practice  when  the  specimen  is  heated,  the  time  for  complete  extraction  of 
hydrogen  depends  upon  the  rate  at  which  hydrogen  diffuses  out  of  the  specimen. 

This  rate  of  diffusion  is  proportional  to  the  temperature  of  the  specimen  and 
as  such  the  time  required  for  complete  extraction  of  hydrogen  depends  on  how 
rapidly  the  temperature  of  the  specimen  is  raised.  In  the  case  of  bulk  hydrogen 
analysis  the  instantaneous  hydrogen  signal  generally  traces  out  a Maxwellian 
type  of  curve  representing  complete  extraction  of  hydrogen  from  the  test  specimen. 
Wien  this  curve  is  integrated  electronically  it  results  in  an  S-shaped  curve 
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giving  a direct  numerical  value  for  the  area  under  the  Maxwellian  curve. 

The  denign  of  the  system  is  such  that  not  all  the  hydrogen  directed  toward 
the  SPM  goes  through  the  detector.  Moreover,  the  diffusion  of  hydrogen  through 
SPM  itself  is  a time  dependent  process.  When  using  an  induction  furnace,  such 
factors  are  eliminated  by  following  a special  operating  technique.  Here  the 
sample  is  heated  to  its  melting  point  in  a programmed  manner  and  held  at  this 
temperature  until  complete  extraction  of  hydrogen  is  accomplished.  Both  the 
instantaneous  and  integrated  hydrogen  signals  are  recorded  as  a function  of  time. 
Following  the  hydrogen  extraction,  at  the  same  carrier  gas  flow-rate  (dv/dt)Ar, 
a known  amount  of  hydrogen  is  introduced  into  the  gas  stream  from  the  MGM  system 
for  a precisely  known  time  At.  The  MGM  system  consists  of  a pinched  capillary 
tubing  with  one  of  its  ends  connected  to  the  carrier  gas  channel  and  the  other 
connected  to  a high  purity  hydrogen  bottle,  a low  pressure  gas  regulator,  and 
gas  bleed-off  system.  By  regulating  the  hydrogen  gas  pressure,  varying  amounts 
of  hydrogen  can  be  introduced  into  the  carrier  gas  stream.  The  rate  of  hydrogen 
gas  flow  through  the  pinched  capillary  is  determined  by  connecting  it  to  a 
glass  capillary  tubing  (of  precisely  known  dimensions)  containing  a little  slug 
of  mercury.  From  the  knowledge  of  the  area  of  cross-section  of  the  glass 
capillary  and  the  time  taken  for  the  mercury  column  to  move  a given  distance, 
the  rate  (dV/dt)^  is  computed.  The  ratio  of  (dV/dt)jj  and  (dV/dt>Ar  then  gives 
a measure  of  ppm  of  hydrogen  in  the  carrier  gas  stream.  It  should  be  noted 
chat  (dV/dt)H=10cc'4/i#ln  Is  much  smaller  than  <dV/dt)Ar=100cc/Bln.  Furthermore, 
the  product  of  (dV/dt)H,  At,  end  density  of  hydrogen  "p"H  gives  the  amount  of 
hydrogen  M,  in  grams,  introduced  into  the  gss  stream  in  tims  At.  The  units  of 
the  integrated  signal  are  coulombs.  Thus,  if  the  integrated  signal  from  the  known 
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hydrogen  input  (grams)  and  the  test  sample  are  and  coulombs  respectively, 
the  amount  of  hydrogen  M2  (grams)  from  the  test  sample  can  be  calculated  from 
the  relation  M2  * (C^/Q^M^. 

To  further  illustrate  the  method  of  analysis  an  example  of  a (certified) 

NBS  sample  is  given  here  which  has  a known  hydrogen  concentration  of  32  ± 2 
ppm.  After  pumping  the  detector  housing  down  to  its  base  level  a carrier  gas 
flow-rate  of  50  cc/min  was  chosen  for  the  experiment.  Thereafter,  hydrogen 
was  extracted  from  the  NBS  sample  by  heating  the  specimen  in  the  induction 
furnace.  The  time  for  complete  extraction  from  this  sample,  which  weighed 
0.1847  gins,  was  about  16  minutes.  The  integrated  hydrogen  signal  gave  a 
value  of  190400  microcoulombs.  Thereafter,  by  appropriately  regulating  the 
hydrogen  gas  pressure  on  the  MGM  system  and  maintaining  the  same  carrier  gas 
flow-rate  of  50  cc/min,  hydrogen  was  introduced  into  the  argon  gas  stream  at 
the  rate  of  19.05  x 10  cc/min  for  4.0  minutes.  In  other  words,  in  4 minutes, 
6.38  x 10  6 grams  of  hydrogen  was  introduced  into  the  gas  stream.  This  gave 
an  integrated  hydrogen  signal  of  207000  microcoulombs.  Using  the  relation 

207000  x 1Q~6  coul  _ 190400  x 10~6  coul 
5.38  x 10  ^ X grams 

or  X • 5.869  x 10  ^ grams, 

the  total  bulk  hydrogen  in  the  NBS  sample  was  found  to  be  5.869  x 10  ^ grams. 
Dividing  X by  the  weight  of  the  sample  gives  the  level  of  hydrogen  in  ppm  by 
weight  which  in  this  case  was  31.78.  This  value,  ac  can  be  seen,  is  well 
within  the  uncertainty  limits  of  the  NBS  sample. 

In  the  present  program  the  test  specimens  were  ana ly red  for  hydrogen 
content  in  an  identical  manner  as  described  above  for  the  NBS  specimen.  A 
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typical  curve  for  the  hydrogen  analysis  of  a NBS  standard  containing  215  ± 6 
ppm  hydrogen  is  shown  in  Figure  17.  During  the  course  of  this  experimental 
program  certified  NBS  samples  containing  32  ± 2 ppm  or  98  ± 5 ppm  of  hydrogen 
were  analyzed  at  a schedule  of  one  per  week  to  cross-check  the  detector's 
performance  and  accuracy. 

Figure  18  shows  schematically  the  manner  of  sampling  fracture  toughness 
specimens  for  determination  of  hydrogen  content  at  (or  near)  the  fracture 
surface.  Hydrogen  determinations  reported  in  Tables  7,  8 and  9 were  made 
using  this  technique. 


| 
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HYDROGEN  DETECTOR  f KEVONtC  U«A) 


Figure  17.  Hydrogen  analysis  of  NBS  Standard  No.  354  containing 
215  ± 6 ppm  hydrogen. 


SPECIMEN  #64-3 


*4 

U-6S) 


4340  STEEL 


Figure  18.  Schematic  representation  of  manner  of  sampling  fracture 
nurface8  for  hydrogen  determination  at  (or  near)  the 
fracture  surface  using  the  Ultrasensitive  Hydrogen 
Detector  of  Das  to  obtain  data  for  Tables  7,  8 and  9. 
Figures  in  parentheses  show  hydrogen  content.  This 
sample  was  exposed  in  0.1  M chloride  solution  containing 
0.01  M piperazine,  a concentration  of  inhibitor  too  low 
to  be  effective.  Note  hydrogen  concentration  in  slow 
crack  growth  (SCG)  region  and  just  ahead’ of  the  advan- 
cing crack  are  highest. 


APPENDIX  C 


EXPERIMENTAL  POTENTIAL  VERSUS  PH  DIAGRAMS  FOR  TEST  ALLOYS 

Electrochemical  hysteresis  methods  were  used  to  construct  potential 
versus  pH  diagrams  for  each  of  the  alloys  tested.  The  electrolyte  in  each 
case  was  0.1  M NaCl.  The  details  of  the  technique  are  reported  elsewhere. 
Diagrams  are  shown  for  4340,  17-4  PH,  HP  9-4-30  and  HY180.  Because  of  the 
similarity  between  alloys  4340  and  300M,  no  separate  diagram  for  300M  was 
constructed. 
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Figure  19.  Experimental  potential  versus  pH  diagram  fcr  alloy 
4340  in  0.1  M NaCl  solution.  Because  of  the  compo- 
sitional similarity  between  4340  and  300M  this  diagram 
is  considered  to  apply  to  300M  as  well. 


SCE  (V) 


4340  WITH  0.1  NaCI 


0 2 4 6 8 10  12  14 


pH 


Figure  20. 


Experimental  potential  versus  pH  diagram  for  alloy  17-4 
PH  in  0.1  M NaCl  solution.  The  passive  region  is 
considerably  more  extensive  for  17**4  PH  than  for  4340 
or  300M. 


Figure  21.  Experimental  potential  versus  pH  diagram  for  alloy 

HP  9-4-30  in  0.1  M NaCl  solution.  This  alloy  showed 
considerable  tendency  to  pit,  e.g.,  the  passive 
region  was  extremely  narrow. 
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Figure  22.  Experimental  potential  versus  pH  diagram  for  alloy 
HY180  in  0.1  M HaCl  solution.  Many  features  of  the 
diagram  for  HY180  are  similar  to  4340  although  the 
active  corrosion  region  is  considerably  more  extensive 
for  HY180. 


SCE  (V 


TABLE  11 


CORROSION  CURRENTS  AT  VARIOUS  ELECTRODE  POTENTIALS  AS  A FUNCTION  OF  PH 

ALLOY  9-4-30  IN  0.1  M NaCI 


UM. 


Logarithm  of 
Anodic  Current 2 
Potential Density  (amps/cm  ) 


-0.750  -6 

10.0  -4 

-0.720  -6 

9.0  -4 

-0.685  -6 

8.5  -4 

-0.660  -6 

8.0  — — — —4 

-0.630  -6 

7.0  -4 

-2 

-0.590  -6 

6.0  -0.430  -4 

-2 

-0.520  -6 

5.0  -0.420  -4 

-2 

-0.520  -6 

4.0  -0.400  -4 

. 2 

-0.520  -6 

3.0  -0.480  -4 

0.0  -2 

-0.460  -6 

-0.400  -4 

'v  +0.150  -2 
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TABLE  12 


CORROSION  CURRENTS  AT  VARIOUS  ELECTRODE  POTENTIALS  AS  A FUNCTION  OF  PH 

ALLOY  HY180  IN  0.1  M NaCl 

Logarithm  of 
Anodic  Current. 

n- J / / ^ \ 


-0.415  -6 

2.0  -0.390  -4 

-0.110  -2 

-0.360  -6 

1.35  -0.340  -4 

-0.180  -2 

-0.470  -6 

4.0  -0.410  -4 

+0.080  -2 

-0.490  -6 

5.0  -0.420  -4 

+0.050  'V  -2 

-0.600  l -6 

6.0  -0.520  -4 

+0.030  'v  -2 

-0.610  -6 

7.0  -0.500  -4 

+0.100  -2 

-0.690  -6 

8.3  -0.580  'V  -4 

+0.360  -2 

-0.730  -6 

9.2  -0.620  ^ -4 

'v  -2 

-0.810  -6 

9.9  -4 

-0.870  -6 

11.1  -0.240  -4 

-0.960  -v  -6 

12.0  -0.060  ^ -4 

-0.040  -6 

+0.030  -4 

Lft  tL  t.r\  " 
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APPENDIX  D 


Ki:cc  AND  CRACK  growth  rate  studies 


Compact  tension  specimens  of  4340,  300M,  17-4  PH  and  HP  9-4-30  alloys, 
as  shown  in  Figure  7,  were  used  to  determine  the  K^gcc  and  crack  growth  rates 
in  various  enviroments.  The  specimen  geometry  corresponded  with  ASTM  require- 
ments (E399-70T,  "Tentative  Method  of  Test  for  Plane-Strain  Fracture  Toughness 
of  Metallic  Materials")  for  plane  strain  conditions.  The  stress  intensity 
factor  for  such  specimens  can  be  obtained  from  the  following  equation: 


Kj  - PjMBW) 


1/2 


29.6(-)1/2  - 185.5(-)3/2  + 655.7(— )5/2 

WWW 


- 1017.0(-)?/2  + 638 
w 
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where  P ■ candidate  load,  B * specimen  thickness,  W » specimen  width,  and  a * 
crack  length.  The  subscript  "I"  denotes  candidate  values  of  P and  K which  are 
subject  to  size  ratio  analysis.  In  order  that  the  test  specimens  conform  to 
plane-strain  conditions,  the  ASTM  method  requires  that  both  11  and  a satisfy 
the  following  size  ratio  criteria: 


I 2 

B and  a > (- — ) 

ys 

where  T^g  - tensile  yield  strength.  If  these  criteria  are  met,  then  is  a 
valid  stress  intensity  value,  K , for  the  specimen. 

lv 

A stressing  frame  incorporated  in  a creep  machine,  as  shown  in  Figure  10, 
was  used  to  laterally  stress  the  specimens.  Lateral  stressing  was  used  to 
facilitate  the  immersion  of  the  specimens  in  a polyethylene  or  a plexiglass  cell 
containing  the  test  solution.  The  loading  was  accomplished  by  hydraulic 
actuators  which  provided  a mechanical  advantage  of  1:200. 


An  EDI  double  cantilever  displacement  clip  gage  was  used  In  conjunction 
with  compliance  curves  to  measure  the  crack  length.  The  compliance  curves  were 
established  by  applying  fixed  loads  and  plotting  the  average  crack  length,  a, 
as  a function  of  the  crack  opening  displacement  (COD)  as  measured  by  the  clip 
gage.  The  average  crack  length  was  obtained  by  measuring  the  crack  length  on 
both  sides  of  the  specimens. 

Although  the  four  alloys  varied  widely  in  their  strength  levels,  all  the 

specimens  were  initially  fatigue  precracked  at  23  ksi/In.  Tests  in  salt  water 

solution  only  (no  inhibitors  added)  showed  that  K^scc  for  4340  and  300M 

specimens  was  below  23  ksi/in  whereas  for  HP  9-4-30  and  17-4  PH  steels,  a K 

of  23  ksi/In  was  below  their  KIscc  values.  As  such  for  all  subsequent  tests 

the  4340  and  300M  specimens  were  further  precracked  to  a K value  of  10  ksi/in 

(in  decreasing  steps,  for  example,  from  23  to  18,  15,  12,  10  ksi/in)  to  obtain 

valid  values  of  K.  for  these  alloys, 
iscc 

The  load  (P)  was  incrementally  applied  to  the  specimens  by  carefully  mani- 
pulating the  hydraulic  actuators  starting  at  the  K values  as  shown  in  Tables 
7,  8 and  9.  The  magnitude  of  stepwise  increments  was  1 ksi/in.  As  shown  by 
Raymond,^  Figure  23,  it  is  important  to  wait  a significant  amount  of  time  before 
measuring  K.^a  values  to  assure  that  a fictitiously  high  Kj.gcc  value  is  not 
obtained.  In  the  present  study  the  specimens  were  stressed  for  period  of 
several  weeks  in  order  to  measure  Kjgcc.  The  incubation  time  required  for  crack 
growth  initiation  may  be  a function  of  the  alloy  composition,  as  indicated  in 
Figure  23.  In  addition,  Figure  24^  shows  that  the  crack  growth  rate  measurements 
are  very  sensitive  to  small  modifications  of  environment  and  alloy  microstructure 
(in  this  figure,  lower  hardness  bainite  versus  higher  hardness  martensite).  In 


the  present  study  the  effects  of  microstructure  or  alloy  chemistry  and  environ- 
ment on  the  incubation  period  and  crack  growth  rate  were  clearly  evident. 

After  failure  of  each  specimen  under  overload  conditions,  the  fracture 
surface  was  carefully  inspected  to  be  certain  that  cracking  had  proceeded  uni- 
formly across  the  specimen  thickness  and  that  the  crack  front  had  suffered 
minimum  amount  of  curvature. 

The  determination  of  Kj.gcc  and  (da/dt)  for  these  alloys  in  this  manner 
provides  a quantitative  means  of  measuring  the  susceptibility  to  stress 
corrosion  cracking  of  the  alloys  in  various  aqueous  environments,  and  can 
indicate  the  effectiveness  of  chemical  inhibitor  additions  to  the  bulk  (NaCl) 
solution  in  preventing  or  retarding  crack  propagation  at  loads  less  than  the 
critical  stress  intensity,  K^. 

Data  showing  10  and  crack  growth  characteristics  of  the  various  test 
Iscc 

alloys  are  included  as  Figures  25-29  inclusive.  The  results  are  summarized  in 


Tables  7,  3 and  9. 


Figure  24.  Factors  that  Affect  the  Crack  Growth  Rate  of  High- 
Strength  A1S1  4340  Steels  in  Aqueous  Environments. 


Figure  25.  Crack  Growth  Rate  versus  Stress  Intensity  for  alloy 
4340  exposed  to  various  environments. 

Exposures:  Specimen  C4-25  uninhibited  0.1  M NaCl 
solution. 

Specimen  C4-26  .01X  Nalco  39L  in  0.1 
M NaCl  solution. 

Specimen  C4-33  IX  Nalco  39L  in  0.1 
M NaCl  solution. 


CRACK  GROWTH  RATE(in/min) 


Figure  26.  Crack  Growth  Rate  versus  Stress  Intensity  for  alloy 
4340  exposed  to  various  environments. 

Exposures:  Specimen  C4-27  0.01  M piperazine  in  0.1  M 
NaCl  solution. 

Specimen  C4-28  0.01  M piperidine  in  0.1  M 
NaCl  solution. 

Specimen  C4-34  1.0  M piperazine  in  0.1  M 
NaCl  solution. 

1.0  M piperazine  increased  Kj  from  M.0  for  uninhi- 
bited solution.  Figure  25,  to8§S  for  alloy  4340  with 
CTyg  - 265  ksi. 


Figure  27 . Crack  Growth  Rate  versus  Stress  Intensity  for  alloy 
300M  exposed  to  various  environments. 

€xposure:  Specimen  C3-12  uninhibited  0.1  M NaCl 
solution. 

Specimen  C.3-13  0.01X  Nalco  39L  in  0.1 
K NsCi  solution. 

Specimen  CO-l-j  0.1X  Nalco  39L  in  0.1  M 
HaCl  solution. 

Specimen  C3-  10  1.0  M piperidine  in  0.1 
M NaCl  solution. 

Speiemen  C3-11  1.0  M piperazine  in  0,1 
M NaCl  solution. 
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Figure  28.  Crack  Growth  Rate  versus  Stress  Intensity  for  alloy 
17-4  PH  exposed  to  various  environments. 

Exposures:  Specimen  Cl-12  uninhibited  0.1  M NaCl 
solution. 

Specimen  Cl-13  0.1X  Nalco  39L  in  0.1  M 
NaCl  solution. 

Specimen  Cl-14  l.^>  M piperazine  in  0.1 
M NaCl  solution. 


Figure  29.  Crack  Growth  Rate  versus  Stress  Intensity  for  alloy 
HP  9-4-30  exposed  to  various  environments. 

Exposures;  Specimen  CH-6  uninhibited  0.1  M NaCl 
solution. 

Specimen  CH-7  IX  Nalco  39L  in  0.1  M 
NaCl  solution. 

Specimen  CH-8  1.0  M piperazine  in  0.1 
M NaCl  solution. 

Specimen  CH-9  1.0  M piperidine  in  0.1 
M NaCl  solution. 

All  three  inhibitors  increased  Kj8CC  and  reduced 
crack  growth  rate  significantly  as  compared  with 
uninhibited  chloride  solution. 


CRACK  GROWTH  RATE  ( i 


Hp 9-4-30 


STRESS  INTENSITY  (Ktl  Tin ) 
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